Abstract: Atmospheric stability affects wind turbine wakes significantly. High-fidelity approaches such as large eddy simulations (LES) with the actuator line (AL) model which predicts detailed wake structures, fail to be applied in wind farm engineering applications due to its expensive cost. In order to make wind farm simulations computationally affordable, this paper proposes a new actuator disk model (AD) based on the blade element method (BEM) and combined with Reynolds-averaged Navier-Stokes equations (RANS) to model turbine wakes under different atmospheric stability conditions. In the proposed model, the upstream reference velocity is firstly estimated from the disk averaged velocity based on the one-dimensional momentum theory, and then is used to evaluate the rotor speed to calculate blade element forces. Flow similarity functions based on field measurement are applied to limit wind shear under strongly stable conditions, and turbulence source terms are added to take the buoyant-driven effects into consideration. Results from the new AD model are compared with field measurements and results from the AD model based on the thrust coefficient, the BEM-AD model with classical similarity functions and a high-fidelity LES approach. The results show that the proposed method is better in simulating wakes under various atmospheric stability conditions than the other AD models and has a similar performance to the high-fidelity LES approach however in much lower computational cost.
Methods

95
In the modeling of wind turbine wakes under different stability conditions, the following 96 continuity, momentum and energy equations [24] are solved:
∂ ∂t
where ρ is the air density, U i is the velocity component in the x i direction, p is the air pressure, µ is the 98 laminar viscosity, µ t is the turbulent viscosity, S u,i is the momentum term source imposed by the wind 99 turbine rotor in the x i direction, Θ is the potential temperature and σ θ is the turbulent Prandtl number. In the origin actuator disk model, the momentum source term in the x i direction due to the thrust 103 is uniformly distributed through the rotor:
where T is the thrust, V disk is the disk volume, C T is the thrust coefficient, U ref is the upstream reference and difficult to be evaluated from the local flow directly. According to the one-dimensional momentum 109 theory and ignoring the wind shear, the reference velocity is a function of the rotor-averaged velocity
110
U disk :
in which the induced factor a B [25] is related to the thrust coefficient C T by By transforming the local velocity at the blade element into polar velocity components (u r , u θ , 123 u n ), the force of the blade element is:
where B is the number of the blades and c is the chord length, ∆r is the length of the element section.
125
The drag coefficient of the element section, C D and its lift coefficient C L which are functions of the attack 
is the flow angle, β is the blade installation anlge and γ is the pitch angle.
129
The element force is distributed across neighbor cells. The force added to a cell is calculated by:
where s i the distance of the i-th element to the cell and s is the cut-off length scale that takes a value 131 between 2 and 3 cell sizes [28] . F tip and F hub are the Prandtl tip loss and hub loss functions [29] :
where R is the rotor radius, R hub is the hub radius, r is the radial distance of the element to the rotor 133 center. 
where C µ = 0.033, k and ε are the turbulence kinetic energy (TKE) and its dissipation (TKD), 
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In the extended approach, the turbulence kinetic energy k and its dissipation ε are modeled by
where σ k = 1.0, σ ε = 1.3, C ε2 = 1.92, and C ε1 = 1.24. P and B are the TKE source production due to shear and buoyancy:
where Θ 0 is the potential temperature on the ground.
145
The source term S ε,wake is applied to correct the fast wake recovery of the standard k − ε model [15]:
where C 4ε = 0.37.
146
The TKE source term S ε,ABL is applied to maintain flow velocity profiles under non-neutral 147 conditions over a flat ground:
where φ = ∂φ/∂ζ, φ = ∂ 2 φ/∂ζ 2 for φ ∈ {φ k , φ m , φ ε }. The TKD source term due to buoyancy, S ε,ABL is modelled by:
in which
According to the Monin-Obukhov similarity theory [30] , φ m , φ h , φ ε and φ k are functions of the 150 stability parameter ζ = z/L where L is the Obukhov length:
Based on measurements of flows over flat terrain in the ASL, the classical similarity functions commonly 152 used in literature are given as [31,32]:
where
and χ = 0.9 .
154
According to Grachev et al. [33] , the applicability of the Monin-Obukhov similarity theory is only 
Eqs. (17) and (19) 
Computational Domain and Meshing
201
The computational domain has a length of 20D, a width of 10D and a height of 10D ( conditions in wake simulations: domain are set to be symmetry.
217
The detail information of inlet conditions and resulting inlet veocity profiles are shown in Tab. Fig. 7 to Fig. 9 show the wake profile at 1.45D, 2.15D and 5D under different stability conditions.
233
The significant effects of atmoshperic stability that can be observed from measurements are: (1) 
267
The asymmetric double-bell near-wake shape is also clearly observed for the turbulence intensity #12 is approximated by measurements at M1 for the wake of wt12 to M1 and is set to 15%, 9%, and
275
6% for unstable, neutral and stable conditions, respectively. At 5D, ∆I predicted by the FullyRF AD 276 models have good agreements with measurements while being overestimated by the Laan BEM-AD 277 model (Fig. 12) . 
280
The simulation in LES show larger deficits in near wake and a slightly faster recovery wake than that As compared with measurements, the proposed model shows better performance than other AD 286 approaches in RANS and is comparable to the LES approach (Fig. 14) . For the longitudinal distance 287 above 2 D, the Laan BEM-AD model overestimates the wake deficits in both vertical and lateral 288 directions. Since the wake tends to follow terrain under very stable conditions, the wind speed for the 289 longitudinal distance above 5 D at the hub height is actually the value of 5.5 m above the wake center.
290
Considering such an effect, the proposed model shows a good agreement with measurements at 5 D.
291
Due to the absence of wake measured data above 5D, it is difficult to distinguish which is better for In the stable case, the proposed model underestimates wake deficits above the hub height at
296
1D and 2D while overestimating wake deficits below the hub height at 5D (Fig. 15 ). There are no In the neutral case, the double-bell near-wake shape is only observed at 1D and captured by All the models in this paper, fail in predicting near wake under unstable conditions ( Fig. 19 and 
Conclusions
319
In the present paper, the AD modeling of wind turbine wakes in RANS under varying atmospheric by the CT-AD method. This enables the proposed model to capture the double-bell near-wake shape.
332
For the cases without the double-bell shape, predictions of the FullyRF models show a fair agreement 333 with measurements. However, the Laan BEM-AD model significantly overestimates wake deficits 334 and predicts a fairly slow recovery wake as compared to measurements, which is mainly due to the 335 higher wind shear than measured data and much lower turbulence intensity than the FullyRF models.
336
For cases that applied a lidar to measure the wake, predictions of the LES approach show a good The relative direction in a wake is defined as the angle between the inlet wind direction and the 
